Background. Infection with the Puumala virus (PUUV), which belongs to the Hantavirus family, is a common but often neglected cause of acute kidney injury (AKI) in endemic areas of Europe. The objective of the present study was to systematically analyse clinical presentation and renal outcomes following PUUV infection. Methods. In a retrospective study, we analysed data from 75 patients who were admitted to two large hospitals in Germany over an 8-year period and who tested positive for PUUV infection. Clinical and laboratory data were collected from patient files; creatinine levels before admission and during follow-up were obtained from phone calls. Results. Patients were between 16 and 82 years old (average ± SD, 40.4 ± 13.4) with a male to female ratio of 2.5:1. They showed a wide variety of clinical presentations with renal failure being the cause of admission in only 50%. AKI developed in 95% of patients who showed maximum creatinine levels of 4.3 ± 0.3 mg/dl. Four patients required temporary dialysis, and one patient died from pulmonary complications. Thrombocytopaenia (137 ± 11 × 10 3 /μl) was present in almost all cases, and elevated levels of lactate dehydrogenase (LDH) and C-reactive protein (CRP) were observed in 57 and 100% of patients, respectively. Urinalysis revealed mild to nephrotic proteinuria in 85%, which was often associated with haemoglobinuria. All patients showed full recovery of renal function and return to pre-existing normal serum creatinine levels. Conclusion. In a majority of cases, PUUV infection results in thrombocytopenic AKI. Fever is a requirement for diagnosis, while elevated LDH and CRP values are also frequently observed. Overall, early renal outcomes were excellent.
Introduction
Hantaviruses are enveloped RNA viruses of the Bunyaviridae family [1] that use rodents as their natural reservoir. Hantaviruses exist worldwide and cause two distinct human diseases. The first, with a mortality of about 50%, is the human pulmonary syndrome and is caused by Hantavirus species present in North and South America, such as the Sin Nombre virus or Andes virus. The second, caused by predominantly European and Asian species, is responsible for haemorrhagic fever with renal syndrome (HFRS) [2] . Puumala virus (PUUV), the main Hantavirus species in Central Europe, is known to cause a milder form of HFRS [3] , which is also called nephropathia epidemica (NE). The natural host of the virus is the bank vole, Myodes glareolus. Transmission occurs after aerosolic contact with animal faeces and urine, but saliva may be as important or even the preferred route. PUUV infections occur in seasonal outbreaks, closely related to cyclic increases in the rodent host population [4] . NE has been reported to be a generally mild disease with sudden onset and typical clinical symptoms, such as fever, headache, blurred vision, gastrointestinal symptoms and back pain [3] . Although case studies describing clinical presentation and outcomes from Western or Central Europe have described complete recovery [4, 5] , studies with large patient numbers are missing for Southern Germany, which is considered to be an important endemic area. In fact, most previous studies have described the clinical setting of NE in only Northern Europe or the Balkans [6] [7] [8] [9] [10] . Serologic testing is necessary for case confirmation: by the time symptoms are evident, patients usually have IgM antibodies and most also have antibodies of the IgG class. For early testing or confirmation of questionable serologic results, viral RNA can be detected by nested RT-PCR [11] [12] [13] . However, there is no specific antiviral therapy for PUUV, and supportive care is the treatment of choice.
Clinical presentation, course and outcome may differ with respect to geographical regions [3] . Although associations between PUUV infection and pathological laboratory test results have been described, their significance as well as the incidence of PUUV infections has not yet been systematically evaluated. Renal involvement is thought to be prominent, and renal function tests have shown both glomerular and tubular involvement and dysfunction [5, 14] .
The objective of this retrospective study was to determine clinical characteristics and outcomes in 75 patients admitted for diagnostic and therapeutic management of PUUV infection in two major hospitals, both located in an area endemic for PUUV infection in Germany. The incidence and relevance of certain symptoms and signs were determined, and laboratory markers were identified. Finally, presentation and course of renal function was evaluated.
Materials and methods

Patients
We retrospectively analysed data from 75 patients with proven PUUV infection that were referred to two large hospitals with renal departments in Southern Germany (Robert-Bosch-Krankenhaus Stuttgart and University Hospital Tuebingen) between 2000 and 2008. During that period, 123 779 patients were admitted via the emergency departments of both institutions for various medical reasons. According to the ethical guidelines of the University of Tuebingen, patients were identified using a retrospective search for the electronically encoded diagnosis of Hantavirus infection. All patients with a positive IgM serology for PUUV were included in the study.
Data acquisition
Clinical and laboratory data were obtained from medical reports and files from each patient. Symptoms and diagnosis upon admission were systematically reviewed, and laboratory values were assessed from admission to discharge. In addition, maximum values for serum creatinine and minimum values for platelets were determined. When available, information on oliguria, anuria and polyuria in the course of the disease was obtained from the documented medical history or file information. Clinical and renal outcomes were assessed with respect to death, requirement for temporary or permanent dialysis and serum creatinine levels as a marker of glomerular function. When available, information on pre-hospital serum creatinine levels was assessed by contacting the referring physician of affected patients by phone calls, and these were compared with follow-up values at up to 3 months after the hospital stay.
Test methods
Blood counts and biochemical tests were determined using routine automated analysers. On the basis of the RIFLE and AKIN criteria, acute kidney injury (AKI) was defined as a 1.5-fold increase in serum creatinine at two consecutive measurements or an absolute increase in the serum creatinine concentration of >0.3 mg/dl (26.4 μmol/l) within 48 h. Urine dipsticks were routinely used; additional investigations, such as examination of urine sediment and determination of 24-h proteinuria or urine electrolytes, were performed on an irregular basis. Hantavirus infection was diagnosed using a strip-immunoassay (recomLine Bunyavirus IgG/IgM by Mikrogen GmbH, Germany) with recombinant antigens for the detection of IgG and IgM antibodies against Hantavirus (serotypes Puumala, Hantaan, Dobrava and Seoul) and sandfly fever virus (serotype Toscana) or by using a µ-capture enzyme-linked immunosorbent assay based on recombinant proteins for Hantavirus serotype Puumala IgM and IgG (Progen Biotechnik GmbH, Heidelberg, Germany) [11] .
Technical assessment
Renal ultrasound was performed in all patients to exclude postrenal changes and to assess kidney morphology. Chest X-rays were routinely performed.
Statistics
Clinical data are shown as percentages of all patients. When information on a specific parameter was not available, the remaining acquired data were considered as 100%. When different symptoms were present several times in the same patient, this resulted in a cumulative percentage >100%. Laboratory values are depicted as averages ± SEM. Differences between laboratory values on admission and dismissal were assessed using a paired Student's t-test with a P-value of <0.05 considered statistically significant. Correlations between laboratory results were determined using Pearson's correlation along with the following criteria: r = +0.8 to +1.0 or r = −0.7 to −1.0, strong correlation; r = +0.4 to 0.8 or −0.4 to −0.8, weak correlation; r between +0.4 and −0.4, no correlation.
Results
The clinical presentation of NE included a wide range of initial diagnoses
Retrospective analysis of clinical data from patients over an 8-year period revealed that 75 patients (ranging from 16 to 82 years old) fulfilled the criteria for PUUV infection with positive serological IgM testing. This produced an incidence of 61 per 100 000 patients (= 0.06%). Males were affected 2.5 times more than females (72 vs 28%). More than 75% of the patients were below 50 years old, and patients near 40 years of age were most likely to experience PUUV infection ( Figure 1 ). There was no sex-related difference in age distribution (data not shown). The diagnoses on admission or time of referral included a wide spectrum of disorders, due to the variable course of the disease as well as its chameleon-like character (Table 1 ). About half of the patients were admitted or transferred to the hospital because of AKI, followed by fever of unknown origin (FUO). Sepsis was suggested in four patients, and neurological disorders, such as meningitis or unexplained vertigo, were suspected in f ive of the 75 patients. The remaining diagnoses included syncope, appendicitis and acute abdominal pain, as well as gastroenteritis. Interstitial nephritis was suspected in two patients. Mononucleosis and acute leukaemia due to the presence of atypical lymphocytes completed the spectrum.
Clinical symptoms during NE
In about one-third of the cases, the patients complained of one of the following symptoms: abdominal pain, side or back pain or nausea/vomiting (Table 2A) . Diarrhoea was present in only five patients (= 7%). However, at least one of the gastrointestinal symptoms described above was found in 87% of all patients, making this a very reliable marker. Headache or other body pain was reported in approximately one-third of the patients, while fever was present in all cases. Thus, some patients received analgesics, and some received empiric antibiotic treatment in cases of persistent fever before diagnosis of NE had been made.
Results of ultrasound and chest X-ray imaging during PUUV infection
Abdominal ultrasound demonstrated splenomegaly in 50% of the patients, while enlargement of the liver was clearly less common (13%). Renal morphology by ultrasound re-2998 N. Braun et al.
vealed pathologic features that included cortical swelling and increased echogenicity in 52% of investigations. Pathological chest X-ray images showing suspicious pulmonary infiltrates or pleural effusion were found in only 16% of cases. Blood pressure and heart rate were normal, averaging 132/80 mm Hg and 72 beats per minute (b.p.m.)
Spectrum of renal dysfunction in NE patients and early renal prognosis
Serum levels of creatinine were elevated in 76% of patients at the time of admission. Although the remaining 24% did not have elevated serum creatinine, all but three patients demonstrated AKI with impaired renal glomerular function during the course of NE (96% , Table 2B ). Symptomatic measures were taken according to the clinical presentation and laboratory values. These included fluid replacement, diuretic therapy in case of water retention and medication with sodium bicarbonate in rare distinct metabolic acidosis. Four patients temporarily required renal replacement therapy, performed as haemodialysis. Of these, one died during treatment due to refractory severe sepsis, but renal function recovered in the remaining three patients. No patient required haemodialysis treatment for more than 2 weeks. Significant renal changes were suggested by the presence of one symptom, such as oliguria/anuria or polyuria, in more than 40% of the patients, and also by average serum creatinine levels upon admission (3.0 ± 0.2 mg/dl), which ranged from 0.7 to 9.1 mg/dl (Table 3 ). On discharge, creatinine levels were significantly improved (P < 0.05, Table 3 ). Followup serum creatinine data was available in 22 patients, and showed normalization within 3 months, with levels almost identical to those prior to the disease (n = 13, Figure 2A ).
Pathologic urinalysis in NE patients
Protein dipsticks revealed the presence of proteinuria in 82% of patients; haemoglobinuria was present in 65%, while other tests, such as for leukocytes, nitrite and glucose Incidence of PUUV infection according to age. NE was more likely to occur in younger and middle-aged subjects, with a peak and average at ∼40 years. n = number of patients. in the urine were positive in <10% of cases (Table 2C) . A completely unremarkable urinalysis was observed in only 8%, and significant bacteriuria was not found. Evidence for dysmorphic red blood cells in patients with haemoglobinuria was as low as 13%, and acanthocytes were not detected (data not shown). Only three patients complained of dysuria and none reported macrohaematuria. A semiquantitative analysis of proteinuria revealed significant protein loss in 42%, minor to moderate proteinuria in 40% and no detectable proteinuria in only 18% (data not shown).
A determination of 24-h protein excretion in 14 patients revealed 3.0 ± 0.6 g/24 h (range 0.4-7.0 g/24 h), and showed proteinuria within the nephrotic range (>3.0 g per day) in 7/14 patients (50%). Of note, proteinuria was negatively correlated with serum creatinine (r = −0.45).
Associations between NE and thrombocytopaenia, lymphopaenia and atypical lymphocytes
Analysis of initially obtained additional laboratory tests showed the presence of thrombocytopaenia in 69% (Table 3). Thrombocytopaenia was usually mild, averaging 137 ± 11 × 10 3 /μl, but was severe in some cases with levels as low as 16 × 10 3 /μl, which occasionally produced petechial lesions or bleeding. Platelet counts showed a further decrease after admission, but values normalized at the time of discharge (328 ± 13 × 10 3 /μl, P < 0.05, Figure 2B ). Haemoglobin was not altered by PUUV infection, leukocytopaenia was present in only two patients and mild or moderate leukocytosis was found in 27 patients. However, lymphopaenia was found in 59% of the cases, and monocytosis was observed in 38%. In addition, automated white blood count differentiation revealed unclassifiable leukocytes (up to 45%) in 60% of patients. This finding led to suspicion of mononucleosis or acute leukaemia, respectively, in a single patient; the subject was transferred from a primary care hospital to the university hospital for further evaluation. In most cases, microscopic examination demonstrated the presence of atypical lymphocytes.
Increased CRP, LDH and uric acid levels during PUUV infection
At the time of admission, C-reactive protein (CRP) levels were significantly elevated in all patients (100%), averaging a 10-fold increase above normal (5.8 ± 0.4 mg/dl, normal range <0.5 mg/dl), which indicated a severe inflammatory response (Table 3) . CRP significantly improved at the time of discharge (2.8 ± 1.5 mg/dl, P < 0.05), although levels were still increased. CRP levels were negatively correlated with the platelet count ( Figure 2C ), suggesting that thrombocytopaenia may reflect the severity of the inflammation. Lactate dehydrogenase (LDH) was elevated in 57% of the cases (averaging 283 ± 11 U/l), but returned to baseline levels within a few days. Of interest, uric acid levels (8.3 ± 0.5 mg/dl) were above normal in 84%. They tended to normalize (7.6 ± 0.4 mg/dl), but this change was not significant at the time of patient discharge.
Other laboratory values, such as liver enzymes, remained essentially unaffected (Table 3 ). In addition, there was no suggestion of intravascular haemolysis (data not shown).
Clinical outcomes following infection with PUUV
Patients stayed at the hospital for an average of 8.5 ± 0.6 days. All but one patient survived the infection, resulting in a mortality rate of 1.3%. The patient with a fatal outcome was an 82-year-old woman who was transferred from another hospital because of AKI, pulmonary oedema and sepsis. Her medical history included coronary heart disease with prior infarction and percutaneous angioplasty, sick sinus syndrome treated with a DDD pacemaker, hypertension and diabetes. In addition, she had been previously treated for bronchopneumonia and sepsis. Haemodialysis was started immediately, but the patient developed progressive respiratory and circulatory failure with fatal outcome after 4 weeks despite maximal treatment. In the surviving patients, there were no clinically relevant residual symptoms and all showed excellent physical recovery at the time of dismissal. Overall, clinical presentation, course and outcome did not differ between males and females (data not shown). Potential transmission routes of the infection were identified in 63% of the patients, with the most likely cause being exposure to rodent faeces, urine or saliva due to professional activities or resulting from clean-up duties around house and garden.
Discussion
Hantaviruses are a common cause of zoonotic diseases in Europe and Scandinavia. In Germany, PUUV species cause the majority of clinical cases, although the Dobrava and Tula virus serotypes are also present in predominantly northern and eastern regions of the country [13, 15] . Epidemiological studies have yielded a serological prevalence of 1-2% of Hantavirus infection with an even higher preva- Table 3 . Laboratory values upon admission and discharge from the hospital, showing distinct thrombocytopaenia and lymphopaenia. Average LDH and CRP levels were increased. Serum creatinine was significantly elevated, while blood urea nitrogen (BUN) was only slightly increased. Serum uric acid values were above normal, indicating impaired excretion in the proximal tubules and/or increased accumulation lence in endemic areas [12, 13] . Although rodents are the major reservoir for PUUV, free-living and domestic animals also represent possible carriers [16, 17] . Transmission occurs mainly via the aerosol route [16] . While the infection is apparently asymptomatic and chronic in host animals, transmission to humans results in a variety of clinical features. Here, we describe the clinical symptoms and biochemical results from 75 patients with PUUV infection in Southern Germany, which is an important endemic area. PUUV infection most commonly affects males at ∼40 years of age. The prevalence in middle-aged men may reflect a more likely exposure to the virus rather than Course of serum creatinine levels prior to infection, during NE and on follow-up, demonstrating significant renal dysfunction with complete recovery within 3 months. B. Initial thrombocytopaenia that worsened during the initial phase of the disease, but returned to the normal range at the time of patient discharge. C. Scatter plot of serum CRP levels and platelets, demonstrating a weak negative correlation (r = −0.41).
Admission Discharge t-test
Puumala virus infection and the kidney 3001 a higher susceptibility. Of note, in more than half of the cases, potential modes of transmission were identified as specific high-risk activities more often performed by men than women, such as cleaning the attic or stocking lumber or firewood. The clinical presentation may vary and include a wide range of symptoms that mimic other diseases. Interestingly, fever developed in all patients shown to have NE. Thus, it is crucial to include PUUV infection in the differential diagnosis of unknown fever, especially in areas endemic for the disease. In fact, the seroprevalence of IgM antibodies for Hantavirus has been reported to be as high as 1-5% in some regions [13] . It is possible that most NE cases were not recognized or were attributed to other viral infections, such as the common cold. Alternatively, the majority of acute infections may have a subclinical course with only minor or even zero sign of infection. In fact, we observed that affected patients with prominent renal failure were more likely considered to harbour NE. Nonetheless, it is important to recall that impairment of renal function is not always investigated. One reason may be that mild or moderate deterioration in glomerular filtration does not affect patient well-being, and as a result, laboratory tests are not performed and renal impairment may continue undetected. On the other hand, glomerular function is not necessarily affected by the infection. Histopathologic evaluations of the kidney during NE are rare, but when performed, predominantly show signs of tubulointerstitial disease with tubulointerstitial haemorrhage. Glomerular alterations are usually absent or minor with some mesangioproliferation or mild matrix expansion [5] . However, leukocyturia in patients with renal involvement is not generally observed, while the incidence of proteinuria and microhaematuria is relatively high. In agreement with this, we found that proteinuria was often in the nephrotic range (>3 g/24 h), which suggested glomerular dysfunction. This assumption is supported by previous protein analysis studies in four patients with PUUV infection that yielded predominant significant albuminuria [18] . It is believed that the degree of increased endothelial permeability may determine the course and severity of NE [2] . This may be also true for the glomerular basement membrane. However, it is poorly understood how pathogenic Hantavirus infection induces elevated permeability in the kidney. Further, morphologic studies including electron microscopy and functional tests will be needed to understand the pathophysiology of NE-associated renal function loss and to determine possible infection-related morphological defects. Of note, our data confirmed that pronounced renal failure necessitated haemodialysis in only a minority of cases. Haemodialysis was a temporary measure, and glomerular function showed an excellent early prognosis with restitution to pre-disease levels. Therefore, serological testing for Hantavirus may help in guiding diagnostic and therapeutic measures; patients can also be reassured about the apparent benign course of the disease. However, follow-up studies are needed to determine the renal long-term outcome. During NE, thrombocytopaenia has been reported to be present in 20-66% of patients [5] . In our study, thrombocytopaenia was slightly more common (69%). Although usually mild, thrombocytopaenia varied markedly among our patients with some showing petechial lesions or mild bleeding symptoms. Previous therapy included occasional corticosteroids to treat symptomatic thrombocytopaenia [19] . Because controlled studies are missing, increases may have been secondary to spontaneous recovery. In our patients, none received corticosteroid treatment in order to increase platelet counts. In the majority of cases, thrombocytopaenia peaked within the first days after admission, but platelet counts normalized thereafter. In cases of viral infection-induced thrombocytopaenia, laboratory tests are valuable to rule out other disorders, especially haematological diseases such as myelodysplastic syndrome or acute leukaemia. Thrombocytopaenia in interstitial nephritis may also reflect an immunological phenomenon, although antibodies for this disorder have not yet been described. An additional hypothesis includes a direct cytotoxic effect of the virus [19] . While significant thrombocytopaenia during PUUV-induced nephropathy has been reported to predict a severe course of AKI [20] , our findings did not confirm this observation. Other haematological effects, such as leukocytosis, leucopaenia or anaemia, have also been seen during NE. Atypical lymphocytes are typically noted in the differential blood count and are often described by automated systems as unclassified leukocytes; such findings are in line with viral infection. Of interest, splenomegaly is a common sign in PUUV infection. We also found that CRP levels were always elevated in NE patients, which support the inflammatory character of the disease. Other blood tests were normal except for increased uric acid, which may indicate cell lysis, diminished proximal tubular function or both disorders.
In conclusion, we demonstrated that proven PUUV infection in Southern Germany (i) produced thrombopaenic AKI in most but not all cases; (ii) showed a very heterogeneous clinical presentation, which slightly differed from other PUUV endemic areas; (iii) had an excellent early prognosis with respect to morbidity, mortality and renal outcome; and (iv) always required fever and CRP elevation as part of the diagnosis. Also highly suggestive of NE are impaired serum creatinine, haemoglobinuria or proteinuria, respectively, in combination with thrombocytopaenia and/or LDH elevation. Further, prospective and long-term follow-up studies including routine testing for Hantavirus infection will be necessary to determine the exact incidence and clinical presentation of the disease as well as long-term renal prognosis.
